INTRODUCTION {#SEC1}
============

C-nucleosides are a group of compounds that comprise the non-canonical nucleobases capable of Watson--Crick base pairing attached to the unaltered ribose moieties via a C--C bond (as opposed to an N--C bond in canonical nucleosides). Compounds with O- and N-glycosidic bonds are widely present in metabolic pathways, but are enzymatically labile thereby facilitating the rapid recycling of metabolites and the base excision repair of the DNA ([@B1]). Many biologically active natural products also contain O- and N-glycosidic bonds, but these tend to make the molecules susceptible to hydrolysis in the acidic environment of the stomach and by the action of glycosidases in the small intestine ([@B4]). In contrast, C-glycosylation provides an enzymatically resistant and chemically stable bond ([@B5]). The best-known C-nucleoside is pseudouridine (Ψ, Figure [1](#F1){ref-type="fig"}), which supports the functioning of structural RNAs, such as tRNAs and rRNAs, in all cellular lifeforms. It has been shown to stabilize higher order RNA structures through enhanced base stacking ([@B6]). Ψ is introduced into RNAs post-transcriptionally and has been implicated in altering the translation of some mRNAs in eukaryotes ([@B7],[@B8]). C-glycosidic bonds are also found in several bioactive secondary metabolites ([@B9],[@B10]). In particular, *Streptomyces* soil bacteria have been reported to produce C-nucleoside compounds such as pseudouridomycin, formycin, showdomycin and malayamycin ([@B11]).

![The synthesis of oxazinomycin triphosphate. The chemical structures of uridine, oxazinomycin (OZM) and pseudouridine (Ψ) are shown for comparison. The potential Watson--Crick bonds with adenine are indicated by dashed arrows.](gkz782fig1){#F1}

Oxazinomycin (OZM; 5-β-[d]{.smallcaps}-ribofuranosyl-l,3-oxazin-2,4-dione), also known as minimycin, is a C-ribonucleoside antibiotic first isolated from *Streptomyces hygroscopicus* (*Streptomyces sp. 80432*) ([@B15]). Tymiak *et al.* also reported its production from *Pseudomonas paucimobilis* ([@B18]), and the full chemical synthesis of OZM has been described ([@B19]). OZM is active against both gram positive and gram negative bacteria, and has antitumor activity against transplantable tumors ([@B15],[@B16]). OZM closely resembles uridine but features an oxygen atom in the position corresponding to carbon five of uridine in addition to the C-glycosidic bond (Figure [1](#F1){ref-type="fig"}). Considering the known promiscuity of the nucleoside and nucleotide kinases ([@B20]), OZM may be converted into the OZM triphosphate upon entry into the target cell, compete with UTP as an RNAP substrate and inhibit transcription or post-transcriptional processes upon its incorporation into RNA. To test this hypothesis, we studied the effects of the OZM triphosphate on transcription by the classic representatives of DNA-dependent RNA polymerases: multisubunit RNAPs from *Escherichia coli* and *Saccharomyces cerevisiae* (RNA polymerase II) and a single subunit RNAP from human mitochondria.

All RNAPs responsible for transcribing cellular genomes are multisubunit enzymes that share homologous catalytic cores. The bacterial RNAP, a five-subunit complex, ααββ'ω, is the simplest model system used for studying the fundamental mechanistic properties of all multisubunit RNAPs. Eukaryotic cellular RNAPs consist of 12--17 subunits and contain homologs of all five subunits present in the less complex bacterial RNAPs ([@B21]). In contrast, the single-subunit RNAPs that transcribe mitochondrial genomes are homologous to DNA polymerases and the bactreriophage T7 RNA polymerase ([@B22]). The multi- and single-subunit RNAPs display many mechanistic similarities as a result of convergent evolution. Thus, all transcribing RNAPs maintain an 8--10 base pair RNA:DNA hybrid during transcription elongation, undergo closure and opening of the active site by mobile protein domains during catalysis, efficiently discriminate between the four nucleobases, and are specific for ribonucleoside-triphosphates (NTPs) (reviewed in ([@B23],[@B24])).

RNAP translocates along the DNA as a Brownian ratchet ([@B25]). The translocation equilibrium is intrinsically biased forward at many sequence positions ([@B30]). However, the multisubunit RNAPs often move backward along the template DNA (backtrack) ([@B33],[@B34]) in situations where forward movement is inhibited by an unfavorable template DNA sequence ([@B35]), a DNA bound protein ([@B36]), a lesion ([@B39],[@B40])) or following a misincorporation event ([@B41]). Upon backtracking, one or several nucleotides at the 3′ end of the nascent RNA unpair from the template DNA. A single unpaired nucleotide can be accommodated within the active site ([@B42]), whereas backtracking by many nucleotides extrudes the unpaired nucleotides into the secondary channel of RNAP ([@B46],[@B47]), a route for NTP substrate entry into the active site. The recovery of the backtracked RNAP into a catalytically competent state is facilitated by the endonucleolytic cleavage of the extruded nascent RNA. The cleavage reaction is catalyzed by the active site of RNAP ([@B48]) with the assistance of the dissociable factors GreA and B in bacteria ([@B49],[@B50]), TFS in archaea ([@B51],[@B52]) and eukaryotes ([@B53],[@B54]), or the mobile domains of specialized subunits in the case of the eukaryotic Pol I and Pol III ([@B55]). In contrast, backtracking by the single subunit RNAPs has not been extensively documented. The experimental evidence is limited to a study by Zamft *et al.* who reported the stimulation of mitochondrial transcription by secondary structures in the nascent RNA ([@B56]). These observations are consistent with backtracking by the mitochondrial RNAP but are arguably insufficient to prove that backtracking does take place. In addition, a computational study by Da *et al.* inferred that the mitochondrial RNAP may be more prone to backtracking than the homologous bacteriophage T7 enzyme ([@B57]). Finally, no cleavage assisting factors analogous to bacterial Gre factors have been identified for the mitochondrial RNAP.

Bacterial RNAP is a validated target for antibacterial drugs (reviewed in ([@B58])). Several classes of antimicrobials function by selectively inhibiting the bacterial RNAP. These compounds can be divided into at least nine functional classes exemplified by rifamycin ([@B61]), streptolydigin ([@B65],[@B66]), microcin J25 ([@B67],[@B68]), myxopyronin ([@B69],[@B70]), salinamide ([@B71]), GE23077 ([@B72]), CBR703 ([@B73]), fidaxomicin ([@B76]) and pseudouridimycin ([@B79]). Among the antimicrobials listed above only pseudouridimycin is a bona fide nucleoside analog inhibitor, which consists of an N-hydroxylated Gly--Gln dipeptide conjugated to 5′-amino-pseudouridine. However, pseudouridimycin does not undergo phosphorylation and does not incorporate into RNA: the dipeptide tail mediates selective binding of the antibiotic in the active site of bacterial RNAPs by functionally mimicking the triphosphate moiety ([@B79]). Here, we show that triphosphorylated OZM is a good substrate for multi- and single-subunit RNAPs but incorporation of several successive OZMs by the multisubunit RNAPs leads to backtracking along the template DNA and transcriptional arrest. Our results suggest that OZM functions as a transcriptional inhibitor if present at similar or higher concentration than uridine in the cell, but do not rule out the possibility that OZM may interfere with post-transcriptional processes such as RNA folding and translation when the intracellular OZM/U is low.

MATERIALS AND METHODS {#SEC2}
=====================

Reagents and oligonucleotides {#SEC2-1}
-----------------------------

HPLC-purified DNA oligonucleotides were purchased from Eurofins Genomics GmbH (Ebersberg, Germany). The PAGE purified ATTO680 labeled RNA primer was purchased from IBA Biotech (Göttingen, Germany). NTPs and Ψ triphosphate (ΨTP) were from Jena Bioscience (Jena, Germany). DNA oligonucleotides and RNA primers are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. All other reagents used were molecular biology grade.

Oxazinomycin production and isolation {#SEC2-2}
-------------------------------------

*Streptomyces hygroscopicus* subsp. *hygroscopicus* JCM 4712 was cultivated in the medium containing 4.0 % glucose, 2.0% soybean meal (Cereform Ltd, Northampton, England), 1.0% wheat embryo (Ravintoraisio Oy, Raisio, Finland), 0.4% brewer's yeast (Lucullus Backen & Geniesssen GmbH & Co KG, Germany), 0.2 % NaCl, 0.2% KCl and 0.2% CaCO~3~ ([@B16]). Precultivation was performed in 50 ml of media in 250-ml Erlenmeyer flasks with shaking for 3 days at 30°C. For production, 39 flasks were inoculated with 0.5 % of the preculture and cultivated as described above. After 2 days of cultivation, a 5 ml sample of the culture medium was centrifuged to remove bacterial cells and compounds from the supernatant were absorbed to 0.1 g of charcoal overnight at 4°C. Compounds were extracted from the charcoal with 1 ml of acetone, 0.5 ml sample of the extract was evaporated to dryness, dissolved in 200 μl of H~2~O and analyzed with LC-MS using Agilent Technologies 1260 Infinity Binary LC and Agilent 6100 Series Quadrupole LC/MS Systems equipped with Phenomenex 150 × 4.6 Synergi™ 4 μm Fusion-RP 80 Å analytical column. The flow rate was 0.5 ml/min, the absorbance detector wavelength was set to 210 nm, 0.1 % formic acid in H~2~O and MeCN were used as eluents. Following the detection of a compound corresponding to the mass of OZM by LC-MS (see above), the supernatant (1.7 l) was collected by centrifugation and pH was adjusted to 2.0 with HCl. Activated charcoal (20 gl^−1^) was added to the supernatant and the mixture was stirred overnight at 4°C. The charcoal was collected by filtration and the adsorbed compounds were washed out of the charcoal cake with acetone/H~2~O (1:1) (1 L). The combined extracts were concentrated to a small volume and the mixture was fractioned by silica gel chromatography, eluting first with acetone/toluene (2:8) and then with acetone/toluene (8:2). The fractions containing OZM were combined and evaporated to dryness under reduced pressure. The residue was dissolved in a small volume of water and OZM was finally isolated by RP-silica column chromatography (length 125 mm, diameter 25 mm) eluting with a gradient of 3--6 % MeCN/H~2~O. The fractions containing OZM were evaporated to dryness and further dried in a vacuum desiccator to yield 184 mg of OZM as a white solid. ^1^H NMR (500 MHz, D~2~O): *δ* 7.73 (s, 1H, C=C[H]{.ul}), 4.60 (d, *J* = 4.9 Hz, 1H, H-1′), 4.19 (pseudo-t, *J* = 4.9 Hz, 1H, H-2′), 4.05 (pseudo-t, *J* = 5.7 Hz, 1H, H-3′), 3.92 (m, 1H, H-4′), 3.76 (dd, *J* = 3.1 and 12.5 Hz, 1H, H-5′), 3.63 (dd, *J* = 5.0 and 12.5 Hz, 1H, H-5″). ^13^C NMR (125 MHz, D~2~O): *δ* 163.0 (C-2), 154.6 (C-6), 149.7 (C-4), 114.2 (C-1), 83.1 (C-4′), 78.0 (C-1′), 73.5 (C-2′), 70.5 (C-3′), 61.3 (C-5′); HRMS (ESI) *m/z*: \[M-H\]^-^ calculated for C~9~H~10~NO~7~^-^ 244.0457; found 244.0465. The chemical structure validation data are presented in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}.

Synthesis of OZM triphosphate {#SEC2-3}
-----------------------------

OZM (36 mg, 0.15 mmol) was dissolved in dry triethyl phosphate (TEP) (0.95 ml) under nitrogen atmosphere and the solution was cooled down to −10°C on an ice-salt bath. Freshly distilled phosphoryl chloride (22 μl, 0.24 mmol) was added dropwise and then dry 2,4,6-trimethylpyridine (20 μl, 0.15 mmol) in one portion. The reaction was allowed to proceed for 1.5 h at −10°C, then a dry solution of tributylammonium pyrophosphate (265 mg, 0.29 mmol) in MeCN (1.5 ml) and dry tributylamine (70 μl, 29 mmol) were added to the cooled reaction mixture, and the stirring was continued for 2 h at 0°C, and then for 18 h at room temperature. Triethylammonium acetate solution (2.5 ml, 0.05 M, pH 7.0) and chloroform (2.5 ml) were added to the reaction mixture and stirring was continued for 30 min. The aqueous layer was separated and washed two times with chloroform (3 ml). NaI (80 mg) and acetone (35 ml) were added to the aqueous solution to precipitate the phosphorylated compounds and the mixture was vortexed for 15 min and cooled down to 0°C. The precipitate was collected by centrifuging the mixture and separating the supernatant. The OZM 5′-triphosphate was purified by RP-HPLC (Phenomemex 250 × 10 Kinetex™ 5 μm C18 100 Å column, flow rate 3 ml min^−1^, eluted with a gradient from 0.025 M triethylammonium acetate in H~2~O to 0.025 M triethylammonium acetate in acetonitrile/H~2~O, 1:1, over 25 min). The collected fractions were lyophilized to yield a triethylammonium salt of the OZM 5′ triphosphate. ^1^H NMR (500 MHz, D~2~O): *δ* 7.82 (d, 1H, *J* = 1.2 Hz, H6), 4.73 (overlaps with H~2~O, 1H, H-1′), 4.20 (m, 1H, H-2′), 4.23 (m, 1H, H-3′), 4.07 (m, 1H, H-4′), 4.16 (m, 1H, H-5′), 4.09 (m, 1H, H-5″); ^13^C NMR (126 MHz, D~2~O): *δ* 163.6 (C-2), 154.5 (C-6), 150.2 (C-4), 114.7 (C-1), 81.3 (C-4′), 77.6 (C-1′), 74.0 (C-2′), 69.9 (C-3′), 64.8 (C-5′); ^31^P NMR (202 MHz, D~2~O): *δ* -- 10.74 (d, *J* = 19.9 Hz, P-*γ*), -- 11.32 (d, *J* = 19.9 Hz, P-*α*), -- 23.36 (pseudo-t. *J* = 19.9 Hz, P-*β*); HRMS (ESI) *m/z*: \[M-H\]^-^ calcd for C~9~H~13~NO~16~P~3~^-^ 483.9453; found 483.9451. The chemical structure validation data are presented in [Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}.

Proteins {#SEC2-4}
--------

*Escherichia coli* (*Eco*) RNAP was expressed in T7 Express *lysY/I^q^* cells from New England Biolabs (Ipswich, MA, USA) bearing the pVS10 plasmid (or pIA528 and pIA839 plasmids in case of β'N458S RNAP) and was purified by Ni-, heparin and Q-sepharose chromatography as described previously ([@B80]), dialyzed against the Storage Buffer (50% glycerol, 20 mM Tris-HCl pH 7.9, 150 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT) and stored at −20°C. *Saccharomyces cerevisiae* RNA polymerase II (*Sce* RNAPII) was purified from the *S. cerevisiae* strain SHy808 (kindly provided by the laboratory of Mikhail Kashlev, NIH, National Cancer Institute, Frederick, MD, USA) largely as described previously ([@B81],[@B82]).

The human mitochondrial RNAP (*Hsa* MT RNAP) lacking 213 N-terminal amino acids (the mitochondrial localization signal and an unstructured regulatory domain ([@B83])) was expressed in *E. coli* T7 Express *lysY/I^q^* cells bearing the pGB163 plasmid. The cells were grown in 1 L LB medium supplemented with 50 μg/ml kanamycin at 37°C until OD 0.6, the culture was transferred to 25°C, protein expression was induced for 5 h by the addition of 0.8 mM IPTG. Cells were harvested by centrifugation at 6000 × *g*, 4°C for 10 min, resuspended in Lysis Buffer (50 mM Tris-HCl pH 6.9, 500 mM NaCl, 5% glycerol) supplemented with 1 mM β-ME, a tablet of EDTA-free protease inhibitors (Roche Applied Science, Mannheim, Germany), 1 mg/ml lysozyme, incubated on ice for 30 min and disrupted by sonication. The lysate was cleared by centrifugation at 18 000 × *g*, 4°C for 30 min. The supernatant was supplemented with 10 mM imidazole and loaded onto a Ni-sepharose (GE Healthcare, Chicago, IL, USA) column pre-equilibrated with Lysis Buffer. Protein was eluted using a step gradient (20, 50, 250 mM) of imidazole in Lysis Buffer. The 250 mM imidazole fraction containing RNAP was further purified using Heparin and Resource-S columns in Buffer A (50 mM Tris-HCl pH 6.9, 5% glycerol, 1 mM β-mercaptoethanol, 0.1 mM EDTA) and Buffer B (Buffer A supplemented with 1.5 M NaCl). *Hsa* MT RNAP eluted at ≥50% and ≥30% Buffer B from Heparin and Resource-S columns, respectively. The fractions containing the purified protein were concentrated using Amicon Ultra-4 centrifugal filters (Merck Milipore, Burlington, MA, USA), dialyzed overnight in Storage Buffer (10 mM Tris-HCl pH 7.5, 50% glycerol, 100 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT) and stored at −80°C.

*Escherichia coli* GreA and GreB were expressed in *E. coli* T7 Express *lysY/I^q^* cells bearing the pIA578 (GreA) or the pIA577 (GreB) plasmid and purified by Ni-sepharose followed by gel filtration as described in Perederina *et al.* ([@B84]). The obtained protein was dialyzed against the Storage Buffer (50% glycerol, 20 mM Tris-HCl pH 7.9, 1 M NaCl, 0.1 mM EDTA, 0.1 mM DTT) and stored at −20°C. The plasmids used for protein expression are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

TEC assembly {#SEC2-5}
------------

*Eco* and *Hsa* MT RNAP TECs (1 μM) were assembled by a procedure developed by Komissarova *et al.* ([@B85]). An RNA primer was annealed to the template DNA, incubated with 1.5 μM RNAP for 10 min in TB10 buffer (40 mM HEPES-KOH pH 7.5, 80 mM KCl, 10 mM MgCl~2~, 5% glycerol, 0.1 mM EDTA, and 0.1 mM DTT) and with 2 μM of the non-template DNA for 20 min at 25°C. *Sce* RNAPII TECs were assembled as described above except that the incubation time after the addition of the non-template DNA was 10 min.

*In vitro* transcription reactions, single nucleotide addition assay {#SEC2-6}
--------------------------------------------------------------------

The transcription reactions were initiated by the addition of 10 μl of NTP in TB10 buffer to 10 μl of the assembled TEC in TB10 buffer. The final concentrations of the TEC and NTP were 0.1 and 20 μM, respectively. The reactions were incubated for 2 min at 25°C and quenched with 30 μl of Gel Loading Buffer (94% formamide, 20 mM Li~4~-EDTA and 0.2% Orange G). RNAs were separated on 16% or 25% denaturing polyacrylamide gels and visualized with an Odyssey Infrared Imager (Li-Cor Biosciences, Lincoln, NE, USA); band intensities were quantified using the ImageJ software ([@B86]).

*In vitro* transcription reactions, processive transcript elongation {#SEC2-7}
--------------------------------------------------------------------

The transcription reactions were initiated by the addition of 10 μl of NTP mixtures in TB10 buffer to 10 μl of the assembled TEC in TB10 buffer. Three different mixtures of NTPs contained ATP, CTP, GTP and UTP (U-chase) or OZM triphosphate (OZM-chase) or ΨTP (Ψ-chase). The final concentrations of the TEC and NTPs were 0.5 and 100 μM each, respectively. The reactions were incubated for 5 min at 25°C and quenched with 40 μl of Gel Loading Buffer. RNAs were separated on 16% denaturing polyacrylamide gels, visualized and quantified as described above.

GreA facilitated RNA cleavage {#SEC2-8}
-----------------------------

TEC were prepared by incubating the assembled TEC (1 μM) with 10 μM UTP and GTP or OZM triphosphate and GTP in TB10 for 3 min at 25°C and passed through Zeba™ Spin desalting columns 40K MWCO (Pierce Biotechnology, Rockford, USA) pre-equilibrated with TB0 buffer (40 mM HEPES-KOH pH 7.5, 80 mM KCl, 5% glycerol, 0.1 mM EDTA and 0.1 mM DTT). RNA cleavage was initiated by mixing 10 μl of the pre-extended TEC with 90 μl of GreA in TB10 at 25°C. The final concentrations of the TEC, GreA and Mg^2+^ were 0.1, 2 and 9 mM, respectively. Aliquots (10 μl) were withdrawn at the indicated time points and quenched with 30 μl of Gel Loading Buffer. RNAs were separated on 16% denaturing polyacrylamide gels, visualized and quantified as described above.

Time-resolved measurements of nucleotide addition {#SEC2-9}
-------------------------------------------------

Time-resolved measurements of nucleotide addition were performed in an RQF 3 quench-flow instrument (KinTek Corporation, Austin, TX, USA). The reaction was initiated by the rapid mixing of 14 μl of 0.2 μM TEC with 14 μl of 400 μM NTP. Both TEC and NTP solutions were prepared in TB10 buffer. The reaction was allowed to proceed for 0.004--60 s at 25°C and quenched by the addition of 86 μl of 0.45 M EDTA or 0.5 M HCl. HCl quenched reactions were immediately neutralized by adding 171 μl of neutralizing-loading buffer (94% formamide, 290 mM Tris base, 13 mM Li4-EDTA, 0.2% Orange G). RNAs were separated on 16% denaturing polyacrylamide gels, visualized and quantified as described above.

Equilibrium fluorescence measurements {#SEC2-10}
-------------------------------------

Equilibrium levels of fluorescence were determined by recording the emission spectra of 6-methyl-isoxanthopterin (6-MI) (excitation at 340 nm) with an LS-55 spectrofluorometer (Perkin Elmer, Waltham, MA, USA) at 25°C. The fluorescence at the peak emission wavelength (420 nm) was used for the data analysis and representation. Preassembled TECs (1 μM) were diluted into 200 μl of TB10 buffer with or without NTPs and guanosine-5′-\[(α,β)-methyleno\]triphosphate (GMPCPP). The final concentrations of the TEC, NTPs and GMPCPP were 0.1, 10 and 500 μM, respectively. Following a 2-min incubation at 25°C, 5 μl aliquots were withdrawn, quenched with 20 μl of the Gel Loading Buffer and subsequently analyzed in a denaturing PAGE to determine the RNA extension efficiency. The rest of the sample was transferred into a 16.160-F/Q/10 quartz cuvette (Starna Scientific Ltd, Essex, UK) and the emission spectra were recorded.

Time-resolved fluorescence measurements {#SEC2-11}
---------------------------------------

Measurements were performed in an Applied Photophysics (Leatherhead, UK) SX.18MV stopped-flow instrument at 25°C. The 6-MI fluorophore was excited at 340 nm and the emitted light was collected through a 400-nm longpass filter. The reaction was initiated by mixing 60 μl of 0.2 μM TEC with 60 μl of 2.5--500 μM of substrate NTP (both in TB10). At least three individual traces were averaged for each concentration of NTP.

Data analyses {#SEC2-12}
-------------

Time-resolved uridine and Ψ incorporation data (HCl and EDTA quenched reactions) and the translocation time-traces were simultaneously fitted to a four-step model using the numerical integration capabilities of the KinTek Explorer software ([@B87]) (KinTek Corporation, Austin, TX, USA) as described previously ([@B88],[@B89]). The model postulated that the initial TEC16 slowly and reversibly interconverts between the inactive and active states, the active state reversibly binds the NTP substrate, undergoes an irreversible transition to TEC17 upon incorporation of the nucleotide into RNA, followed by the irreversible translocation. The first reversible isomerization step was needed to account for a small (∼10%) fraction of the slow TEC that incorporated nucleotides more than 10-fold slower than the fast fraction. This step was omitted from the reaction schematics presented in the results section where only a three-step scheme is depicted for simplicity. Given that the translocation was modeled as an irreversible transition, the inferred translocation rate corresponds to the sum of the forward and backward translocation rates ([@B88]) as further discussed in the results section. The EDTA quenched reactions were modeled using the pulse-chase routine of the KinTek explorer software during the global analysis of the data. Thus, EDTA quenches the nucleotide addition reactions by chelating Mg^2+^, thereby inactivating the free NTP substrate, but allows a fraction of the RNAP-bound NTP to incorporate into RNA after the addition of the quencher ([@B90]). The latter fraction corresponds to the ratio of the nucleotide addition rate to the sum of the nucleotide addition rate and the rate of NTP dissociation from the RNAP active site. As a result, the inclusion of the EDTA quench time courses into the analysis allowed for the estimation of the rate of UTP and ΨTP dissociation from the RNAP active site.

The time courses of guanosine incorporation were fitted to a sum of exponential (modeled fast phase) and stretched exponential (modeled slow phase) functions. The time courses of the GreA facilitated cleavage of the nascent RNA were fitted to the stretched exponential function. The median reaction times were calculated as in Turtola & Belogurov ([@B91]). We used the stretched exponential function in the analyses because it is the simplest analytical function that robustly describes the slow processes in transcription that are, in most cases, poorly described by the single and double exponential functions ([@B45],[@B91]).

RESULTS {#SEC3}
=======

OZM production, purification and the synthesis of OZM triphosphate {#SEC3-1}
------------------------------------------------------------------

*Streptomyces hygroscopicus* subsp. *hygroscopicus* JCM 4712 was cultivated in the medium described by Kusakabe *et al.* ([@B16]). After 3 days of cultivation, a compound corresponding to the mass of OZM was detected with LC-MS, extracted from the culture media with activated charcoal and purified by chromatographic methods. The chemical structure of the isolated compound was evaluated by NMR and HRMS spectroscopy and the obtained spectroscopic data (see 'Materials and Methods' section) matched the parameters reported for OZM ([@B17]). The purified OZM was converted into the 5′-triphosphate via Yoshikawa's phosphorylation ([@B92]) using phosphoryl chloride followed by treatment with the nucleophilic pyrophosphate salt and, finally, aqueous hydrolysis (Figure [1](#F1){ref-type="fig"}). RP-HPLC purification using triethylammonium acetate buffered eluents yielded the triethylammonium salt of the OZM 5′-triphosphate.

OZM efficiently incorporates into RNA in place of uridine {#SEC3-2}
---------------------------------------------------------

We first tested if OZM can be incorporated into RNA in place of uridine by the multisubunit RNAP from *E. coli* (*Eco*), RNA polymerase II from *S. cerevisiae* (*Sce* RNAPII) and the single subunit RNAP from human mitochondria (*Hsa* MT RNAP). Transcription elongation complexes (TEC) were assembled on synthetic nucleic acid scaffolds and contained a fully complementary transcription bubble flanked by 20-nucleotide long DNA duplexes upstream and downstream (Figure [2A](#F2){ref-type="fig"}). The annealing region of a 16-nucleotide RNA primer was 9 nucleotides. The RNA primer was 5′ labeled with the infrared fluorophore ATTO680 to monitor RNA extension by denaturing PAGE. We first employed a TEC that incorporates uridine followed by guanosine. The addition of UTP and UTP+GTP to the TEC resulted in significant changes in the mobility of the RNA in the PAGE gel as expected (Figure [2B](#F2){ref-type="fig"}, lanes 1--3). In contrast, the employment of the OZM triphosphate in place of UTP resulted in a very small change in the electrophoretic mobility of the RNA (Figure [2B](#F2){ref-type="fig"}, lanes 4 and 5). However, the mobility of the RNA changed as if it was extended by two nucleotides upon the addition of the OZM triphosphate and GTP (Figure [2B](#F2){ref-type="fig"}, lane 6). These observations indicated that OZM efficiently incorporated into RNA in place of uridine but caused only a very small change in its electrophoretic mobility.

![*Eco* RNAP, *Sce* RNAPII and *Hsa* MT RNAP efficiently incorporate OZM in place of uridine. (**A**) The nucleic acid scaffolds employed in the experiments in (B) and (C). (**B**) Incorporation of OZM in place of uridine: the initial TECs (lanes 1 and 4; top schematics in (A)) were supplemented with UTP and GTP (lanes 2 and 3), OZM triphosphate and GTP (lanes 5 and 6), ΨTP and GTP (lanes 7 and 8). NTPs were added at 20 μM and the reactions were incubated for 2 min at 25°C. RNAs were resolved on 25% urea PAGE. Fractional misincorporations (additional bands) are evident in several lanes. (**C**) OZM triphosphate allows efficient transcription of the sequence position encoding uridine: the initial TEC (lane 1, bottom schematics in (A)) was supplemented with ATP, CTP and GTP (lane 2) and additionally with UTP (lane 3) or OZM triphosphate (lane 4). NTPs were added at 100 μM and the reactions were incubated for 15 s at 25°C. The limited read through the position encoding uridine in the absence of UTP and OZM triphosphate (lane 2) was likely due to the misincorporation of CMP in place of UMP. Each assay was performed in triplicate. Pixel counts were linearly scaled to span the full 8-bit grayscale range within each gel panel.](gkz782fig2){#F2}

To test if the small effect on electrophoretic mobility is a general property of C-nucleosides, we performed the experiments with Ψ triphosphate (ΨTP) in place of UTP. Incorporation of Ψ into RNA altered the electrophoretic mobility to a similar extent as did the incorporation of uridine (Figure [2B](#F2){ref-type="fig"}, lanes 7--8) suggesting that the small change in the electrophoretic mobility upon OZM incorporation was not due to the C-glycosidic bond, but was likely attributable to the oxygen atom in the position corresponding to carbon five of the uracil ring (Figure [1](#F1){ref-type="fig"}). Qualitatively similar results were obtained with *Eco* RNAP, *Sce* RNAPII and *Hsa* MT RNAP (Figure [2B](#F2){ref-type="fig"}).

We next tested if OZM can be incorporated in place of cytidine, adenine and guanine. *Eco* RNAP and *Hsa* MT RNAP but not *Sce* RNAPII incorporated OZM in place of cytidine ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}, top row). However, the incorporation of OZM in place of cytidine was inefficient, particularly at low OZM concentrations ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). None of the RNAPs in our test incorporated OZM in place of adenine or guanine ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}, middle and bottom rows). These results suggested that OZM is exclusively a uridine analogue.

To test if OZM can substitute for uridine during processive transcript elongation, we transcribed a short DNA template using mixtures of NTP substrates containing either UTP or OZM triphosphate. In a control experiment, RNAP failed to transcribe a position encoding uridine and stopped at position +3 when supplemented with ATP, CTP and GTP (Figure [2C](#F2){ref-type="fig"}, lane 2). At the same time, RNAP transcribed to the end of the template when supplemented with the mixture of all four natural NTPs (Figure [2C](#F2){ref-type="fig"}, lane 3) or ATP, CTP, GTP and OZM triphosphate (Figure [2C](#F2){ref-type="fig"}, lane 4). These results strongly suggest that OZM incorporates into RNA in place of uridine and permits further extension of the RNA chain following the binding of the next incoming NTP.

Incorporation of OZM results in incomplete translocation of the RNAP along the DNA {#SEC3-3}
----------------------------------------------------------------------------------

We next studied the translocation of the *Eco* RNAP along the DNA following OZM incorporation. To assess the effect of OZM incorporation on the translocation bias, we utilized a TEC with the fluorescent base analog 6-methyl-isoxanthopterin (6-MI) incorporated into the template DNA downstream of the active site (Figure [3A](#F3){ref-type="fig"}). 6-MI closely resembles guanine, forms three Watson--Crick bonds with cytosine and causes minimal disruptions to the DNA duplex ([@B93],[@B94]). The TEC was assembled on a synthetic nucleic acid scaffold and contained the fully complementary transcription bubble flanked by 20-nucleotide DNA duplexes upstream and downstream. The annealing region of a 16-nucleotide RNA primer was initially 9 nucleotides, permitting the TEC extended by one nucleotide to adopt the post- and pre-translocated states, but disfavoring backtracking. The RNA primer was 5′ labeled with the infrared fluorophore ATTO680 to monitor the RNA extension by the denaturing PAGE.

![The effect of OZM on translocation by *Eco* RNAP. (**A**) The nucleic acid scaffold employed in the translocation assay. The guanine analog 6-MI was initially positioned in the downstream DNA two nucleotides downstream of the active site. The 6-MI fluorescence was quenched by the neighboring base pairs in the initial TEC (state 1) and the pre-translocated TEC that formed following the nucleotide incorporation (state 2) but increases when the 6-MI relocates to the edge of the downstream DNA upon translocation (state 3). The Bridge Helix (BH) and the Lid loop (LL) are two structural elements of β' subunit that flank the RNA:DNA hybrid in the multisubunit RNAPs. (**B**) The fluorescence intensities observed upon incorporation of the uridine or OZM or Ψ by TECs assembled with the wild-type *Eco* RNAP. Gel panels reveal the length of the RNA at each step. The incorporation of OZM resulted in a very small change in the mobility of the RNA but was verified by further extension of the TEC with the guanosine. (**C**) The experiments were performed as in (B), but the TECs were assembled using β'N458S *Eco* RNAP.](gkz782fig3){#F3}

In the initial TEC, the fluorescence of 6-MI was strongly quenched by the neighboring bases in the downstream DNA (Figure [3A](#F3){ref-type="fig"}, state 1). Upon incorporation of a uridine and the forward translocation, 6-MI migrated to the edge of the downstream DNA (Figure [3A](#F3){ref-type="fig"}, state 3) with a concomitant 3-fold increase in the fluorescence (Figure [3B](#F3){ref-type="fig"}, left set of bars). The addition of GMPCPP, the nonhydrolyzable analog of the next substrate NTP, did not increase the fluorescence of the uridine extended TEC (TEC-U) suggesting that the forward translocation was complete, i.e. the fraction of the pre-translocated state (Figure [3A](#F3){ref-type="fig"}, state 2) was smaller than the margins of the error of the fluorescent measurements (∼10%). However, our data did not rule out the possibility that the GMPCPP was unable to measurably alter the translocation bias of the TEC-U (see below).

We next performed the fluorescence experiments with the OZM triphosphate in place of UTP. The amplitude of the increase in the fluorescence upon OZM incorporation (Figure [3B](#F3){ref-type="fig"}, middle set of bars) was 3-fold lower than it was upon the incorporation of the uridine. However, the addition of GMPCPP did not change the fluorescence of the OZM extended TEC (TEC-OZM) suggesting that the forward translocation was completed, but that the fluorescence of the fully translocated TEC-OZM was lower than that of the TEC-U. Similar effects were observed upon OZM and uridine incorporation by the TEC with the 6-MI fluorophore at the upstream edge of the RNA:DNA hybrid ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). However, we were uncertain if the GMPCPP could shift the translocation bias of the TEC-OZM and used an alternative approach to evaluate the completeness of translocation. To this end, we repeated the translocation experiment using β'N458S *Eco* RNAP where the pre-translocated state was destabilized by a substitution of the β'N458 residue that binds the 3′ and 2′ OH groups of the RNA 3′ end in the pre-translocated state ([@B95]). The amplitude of the increase in fluorescence upon extension of the β'N458S TEC with OZM was approximately 70% of the amplitude measured for the uridine extended β'N458S TEC (Figure [3C](#F3){ref-type="fig"}). This difference was considerably smaller than the 3-fold effect observed with the wild-type TECs (Figure [3B](#F3){ref-type="fig"}) suggesting that the translocation of the TEC-OZM was incomplete (a measurable fraction of the TEC-OZM was not post-translocated), but 0.5 mM GMPCPP could not shift the translocation bias in our system.

Finally, we evaluated if the incomplete translocation upon OZM incorporation was characteristic for C-nucleosides in general by performing the translocation measurements with ΨTP in place of UTP. The amplitudes of the increase in fluorescence upon the incorporation of Ψ and U by the wild-type RNAP were indistinguishable within the margin of the experimental uncertainty suggesting that the incomplete translocation upon OZM incorporation was not due to the C-glycosidic bond, but was likely attributable to the oxygen atom in the position corresponding to carbon five of the uracil ring (Figure [1](#F1){ref-type="fig"}).

OZM triphosphate is largely indistinguishable from UTP as a substrate for the *Eco* RNAP {#SEC3-4}
----------------------------------------------------------------------------------------

We next investigated how OZM triphosphate compares with UTP in terms of the affinity for RNAP and the maximal incorporation rate. Due to a very small change in the electrophoretic mobility upon the incorporation of the OZM, we could not use the rapid chemical quench flow method to determine the maximal OZM incorporation rate and the apparent affinity of OZM triphosphate for the RNAP. Instead, we compared the uridine and OZM incorporation using the fluorescence translocation assay (Figure [3A](#F3){ref-type="fig"}) performed in a stopped flow instrument ([@B30],[@B89]). The concentration series of the uridine and OZM incorporation largely superimposed suggesting that the OZM triphosphate was indistinguishable from the UTP as a substrate for the *Eco* RNAP (Figure [4A](#F4){ref-type="fig"}). To investigate whether the differences in the translocation bias described in Figure [3](#F3){ref-type="fig"} could complicate the interpretation of the fluorescence experiments and challenge the conclusions above, we performed a comprehensive analysis of the uridine incorporation kinetics.

![A comparison of UTP, OZM triphosphate and ΨTP as *Eco* RNAP substrates. The experiments were performed using the nucleic acid scaffold presented in Figure [3](#F3){ref-type="fig"}. (**A**) Time-resolved measurements of the increase in the 6-MI fluorescence upon incorporation of the uridine (back) and OZM (blue). (**B** and **C**) Complete quantitative dissection of the uridine (B) and the Ψ (C) incorporation kinetics by the combined analysis of the 6-MI fluorescence and the RNA extension data. Individual time-points show RNA extension at 200 μM UTP or ΨTP in the quench flow experiments with EDTA (open circles) or HCl (closed circles) as quenchers. Black time-traces show the increase in 6-MI fluorescence in a stopped flow experiments at decreasing UTP or ΨTP concentrations indicated below the curves. The experiments were performed in duplicate, fluorescence curves are averages of three to seven time traces. Best-fit lines for quench flow (red) and stopped flow (blue) experiments were simulated using the scheme and parameters presented in (D). (**D**) The kinetic schemes used for global analyses of the uridine and Ψ incorporation data. The best-fit values of the reaction rates are indicated for each transition. The upper and the lower bounds of the reaction rates calculated at a 10% increase in Chi^2^ over the minimal value using the FitSpace routine of the KinTek Explorer software are presented in the table below the schemes. The translocation was modeled as an irreversible process and the inferred rate constants (*k*~tra~^app^) are the sums of the forward and backward translocation rates.](gkz782fig4){#F4}

We performed the time-resolved measurements of the uridine incorporation in a quench flow setup using HCl and EDTA as quenchers. The combined analysis of the quench flow and the stopped flow data allowed us to fully resolve the uridine incorporation kinetics (Figure [4B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}, see 'Materials and Methods' section for details). These analyses suggested that the translocation step caused only a small delay in the completion of the uridine addition cycle at saturating concentrations and could be completely disregarded at low substrate concentrations.

We further inferred that the delay between the nucleotide addition curves (that could not be measured) and the normalized translocation curves (Figure [4A](#F4){ref-type="fig"}) should be even smaller in the case of OZM incorporation. First, we reasoned that the differences in the translocation bias in Figure [3](#F3){ref-type="fig"} were likely due to the higher backward translocation rate in the TEC-OZM because the forward translocation rate is usually determined by the intrinsic stability of the closed active site rather than the nature of the incorporated nucleotide ([@B30],[@B88]). Second, we inferred that the same forward and the higher backward translocation rates following the OZM incorporation should make the delay between the OZM addition and the normalized fluorescence time trace smaller. Albeit somewhat unintuitively, yet following the rules of the formal kinetics, the delay is inversely proportional to the sum of the forward and backward translocation rates ([@B88]). Considering the inferences described above, we concluded that the differences in the translocation bias following the incorporation of OZM and uridine (Figure [3](#F3){ref-type="fig"}) were unlikely to affect the conclusion about the equality of the OZM triphosphate and UTP as substrates for the *Eco* RNAP.

Finally, we took the opportunity to completely resolve the kinetics of Ψ incorporation (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). The analyses suggested that ΨTP approximately equals UTP in terms of the incorporation and translocation rates but binds to the active site 2-fold faster than UTP. The comparative analysis of Ψ and uridine incorporation kinetics highlighted our capabilities to resolve relatively small differences between the similar substrates thereby reinforcing our inference of the equality of the OZM triphosphate and UTP as substrates for *Eco* RNAP.

Incorporation of a single OZM does not slow down the incorporation of the next nucleotide {#SEC3-5}
-----------------------------------------------------------------------------------------

We next investigated how the incorporation of OZM into RNA affects the rate of the incorporation of the next nucleotide. The assembled TECs were pre-extended with uridine (TEC-U) or OZM (TEC-OZM) or Ψ (TEC-Ψ) and challenged with 200 μM GTP in a quench flow instrument. The resulting guanosine incorporation time courses largely superimposed (Figure [5A](#F5){ref-type="fig"}) suggesting that the TEC-U, TEC-OZM and TEC-Ψ incorporated guanosine with similar rates. Fitting the time courses to the biexponential function confirmed this prediction (Figure [5A](#F5){ref-type="fig"}, table on the right) and suggested a rate of ∼14 s^−1^ for guanine incorporation by the fast fraction (50--60%) of the TEC-U, TEC-OZM and TEC-Ψ. The slow fraction of the TECs that incorporated guanosine with the rate of ∼1 s^−1^ (40--50%) likely represented a population of paused TECs that is usually present in TEC preparations, though typically does not exceed 15--20% ([@B30],[@B88]). The rate of guanosine incorporation by the slow fraction was too slow to associate this fraction with the equilibrium between the pre- and post-translocated states. Fractional backtracking was also unlikely because the RNA--DNA complementarity was artificially limited to ten base pairs in the TEC-U, TEC-OZM and TEC-Ψ. Overall, the guanosine incorporation experiments indicated that the altered translocation bias in the TEC-OZM (Figure [3](#F3){ref-type="fig"}) did not affect the observed guanosine incorporation rate, most likely because the forward translocation was fast relative to the guanosine addition rate (Figure [4D](#F4){ref-type="fig"}).

![The effect of the OZM at the RNA 3′ end on the kinetics of the incorporation of the next nucleotide (**A**) and the GreA mediated RNA cleavage of the resulting TEC (**B**). (A) TECs were pre-extended by the addition of 10 μM UTP (black), OZM triphosphate (red) or ΨTP (blue) and supplemented with 200 μM GTP in quench flow experiments. Error bars are ranges of duplicate measurements and the solid lines are the best-fits to a sum of exponential (corresponds to the fast phase) and stretched exponential (corresponds to the slow phase) functions. The rates and the amplitudes of the fast phase inferred from the data in the graph are presented in the table on the right. The TEC schematic is presented above the graph. (B) TECs were assembled as in (A) and pre-extended with uridine and guanosine or OZM and guanosine by the addition of 10 μM of the corresponding NTPs, gel filtrated and supplemented with 2 μM of GreA. Error bars are ranges of duplicate measurements and the solid lines are the best-fits to a stretched exponential function. The median cleavage times and the fractions of RNA resistant to GreA-mediated cleavage inferred from the data are presented in the table below the graph.](gkz782fig5){#F5}

OZM accelerates the GreA facilitated cleavage of the nascent RNA {#SEC3-6}
----------------------------------------------------------------

We measured the kinetics of GreA-facilitated RNA cleavage of the nascent RNA in the TECs assembled on the nucleic acid scaffolds and extended with the uridine and guanosine (TEC-U-G) or OZM and guanosine (TEC-OZM-G) (Figure [5B](#F5){ref-type="fig"}). These TECs had 11 bp of RNA:DNA complementarity and could efficiently sample the 1-nt backtracked state. The rate of GreA facilitated RNA cleavage was more than 10-fold higher in the TEC-OZM-G than in the TEC-U-G. OZM could increase the rate of the GreA facilitated RNA cleavage by (i) decreasing the recovery rate from the backtracked state, (ii) increasing the rate of the entry into the backtracked state and (iii) increasing the rate of GreA facilitated RNA cleavage by the backtracked state. We cannot unambiguously differentiate between these not mutually exclusive scenarios but note that attributing the effect of OZM to the facilitated backtracking would be consistent with the effects of OZM incorporation during the processive transcript elongation (see the next two sections). Irrespective of the mechanism by which OZM-promoted GreA facilitated RNA cleavage, the result suggested that the penultimate OZM altered the conformation or dynamics of the nucleic acids within the TEC.

Incorporation of a single OZM in certain sequence contexts leads to a fractional arrest of processive transcript elongation {#SEC3-7}
---------------------------------------------------------------------------------------------------------------------------

We tested the effect of OZM incorporation on processive transcript elongation by several TECs assembled on the nucleic acid scaffold available in our laboratory. We performed *in vitro* transcription reactions using two different NTP mixtures containing 100 μM ATP, GTP, CTP and UTP (U-chase) or OZM triphosphate (OZM-chase) for 5 min at 25°C. Incorporation of the OZM during transcription of a short template with a single thymidine positioned four base pairs downstream of the RNA primer (Figure [6A](#F6){ref-type="fig"}, template *S245*) did not measurably impair RNA synthesis as expected from the single nucleotide addition measurement (Figure [5A](#F5){ref-type="fig"}). The lane profiles of the transcription in the OZM- and U-chases desynchronized at +4 due to the small change in the electrophoretic mobility upon OZM incorporation, but gradually realigned as the transcription progressed further downstream (Figure [6A](#F6){ref-type="fig"}, profiles to the right of the gel panels). However, transcription of the other short template with thymidines at +1, +7, +9 and +15 (Figure [6A](#F6){ref-type="fig"}, template S275) in the OZM-chase led to a fractional (∼40%) arrest at +7. At the same time, only ∼20% of the TEC was arrested at +7 in the U-chase. We then redesigned the S275 template by removing the thymidines at +1 and +9 and lengthening the downstream DNA to avoid possible end-of-the-template artifacts. The transcription of the redesign template in the OZM-chase led to a fractional (∼20%) arrest at +7, whereas only ∼6% of the TEC was arrested at +7 in the U-chase (Figure [6B](#F6){ref-type="fig"}, template S333). These results indicated that the thymidines at +1, +9 and the proximity to the end of the downstream DNA were not essential for the OZM-induced arrest. We then observed that the OZM-responsive arrest site featured the main determinants of a consensus pause: a pyrimidine at the RNA 3′ end, a purine at +1 and guanines at −11 and −10 ([@B96],[@B97]). These observations initially suggested that OZM may slow down the recovery from the consensus pause site. However, the addition of 2 μM of GreA completely abolished the OZM induced arrest at +7 suggesting that the arrest was predominantly due to backtracking. While the consensus pause is known to be fractionally backtracked, GreA does not speed up the RNAP escape from the consensus pause site ([@B96],[@B98]). We concluded that the pause sequence most likely solely provided time for the TEC to backtrack but was not itself a rate limiting step for the recovery from the OZM-induced arrest.

![Transcription through a template encoding an OZM-responsive arrest site by *Eco* RNAP. TECs were assembled using the scaffolds shown to the right of the gel panels (only the non-template DNA strands are shown) and chased with 100 μM ATP, CTP, GTP and UTP or OZM-triphosphate for 5 min at 25°C in the presence or absence of 2 μM GreA. The sequence corresponding to the annealing region of the RNA primer is underlined, thymidines in the transcribed region are highlighted. Each assay was performed in triplicate. (**A**) Transcription through two representative short templates. The lane profiles depict the effect of OZM on transcription of the S245 template (left gel panel). Pixel counts were linearly scaled to span 256 gradations within each gel panel. Gels were pseudocolored using the RGB lookup table shown to the right of the gel panels to visualize the low intensity bands. (**B**) Transcription through the simplified and longer derivative of the S275 template (right gel in A) that encodes the OZM-responsive arrest site. The OZM-responsive arrest site at +7 encodes the main determinants of a consensus pause: pyrimidine at the RNA 3′ end, purine at +1 and Gs at −11 and −10, these determinants are shown in bold. Pixel counts were linearly scaled to span the full 8-bit grayscale range. Lane profiles quantified from the gel are presented on the right. The RNA rescued from the arrest site by GreA in OZM-chase does not quantitatively reappear upstream or downstream of the arrest site (see the text for details and possible explanations).](gkz782fig6){#F6}

Perplexingly, GreA prevented arrest at +7 in the OZM-chase but did not increase the amount of the downstream products including the diffuse run-off band (Figure [6B](#F6){ref-type="fig"}, profiles to the right of the gel panels). At the same time, RNAs rescued from the +7 and +8 arrest sites in the U-chase could be approximately accounted for in the diffuse run-off band. Examination of the full scans of the gels revealed that OZM-chase samples feature an increased amount of RNA that did not enter the gel and remained in the gel wells ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Notably, we did not encounter problems of this kind with shorter RNAs used in the single nucleotide addition experiments (Figures [2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}). We do not know why long OZM containing RNAs entered the gels poorly. After we recognized the problem, we adjusted our analysis routines as follows. We quantified the fractions of RNAs arrested at the OZM-responsive sites (including the polythymidine tracts, see below) as the ratios of pixel counts of the OZM-induced arrest bands to the pixel counts at-and-above the corresponding sites in the U-chase lanes. This method did not correct for the pipetting errors during the loading of the gels but was immune to the loss of the long RNAs in the OZM-chase samples.

Incorporation of several successive OZMs leads to transcriptional arrest {#SEC3-8}
------------------------------------------------------------------------

Considering that a single incorporated OZM had measurable effects on the lateral mobility of the nascent RNA within the TEC as both the 3′ end (Figure [3](#F3){ref-type="fig"}) and as the penultimate nucleotide (Figure [5B](#F5){ref-type="fig"}), we reasoned that the incorporation of several consecutive OZM may lead to stronger effects on transcription. We tested the effect of OZM on processive transcription through the template encoding an 11 nt thymidine-free tract followed by two, three, four or seven consecutive thymidines and a relatively thymidine-rich sequence further downstream (Figure [7A](#F7){ref-type="fig"}). We performed *in vitro* transcription reactions using three different NTP mixtures containing 100 μM ATP, GTP, CTP and UTP (U-chase) or OZM triphosphate (OZM-chase) or ΨTP (Ψ-chase) for 5 min at 25°C. OZM did not affect transcription through the thymidine-free tract as expected but arrested a significant fraction of RNAP at the polythymidine sequences. Thus, approximately 2-fold more RNAP was retained at the polythymidine tracts following the 5-min incubation in the OZM-chase compared with the U-chase (Figure [7A](#F7){ref-type="fig"}). The arrested RNAs corresponded to the end of the four-thymidine tract and to the beginning of the two-, three and seven-thymidine tracts. In the presence of Gre RNA cleavage factors the arrested RNAs predominantly corresponded to the beginning of the four-thymidine tract suggesting that the arrested TECs were predominantly backtracked (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}). GreA failed to release the RNAPs arrested at the four- and seven-thymidine tracts in the OZM-chase (Figure [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}), but reactivated the arrested TECs and allowed the synthesis of the full-length transcripts if the OZM-chase was removed by gel filtration and replaced by a U-chase (Figure [7C](#F7){ref-type="fig"}). These results suggest that the rate of backtracking greatly exceeded the rate of the nucleotide addition following the incorporation of several consecutive OZMs and the TECs failed to make through the polythymidine tracts despite being continuously rescued by the Gre facilitated cleavage of the nascent RNAs. While the loss of long OZM-containing RNAs complicated the estimation of the read-through the arrest sites (see the previous section), the effect of GreA was evidently different at the arrest sites caused by a single (Figure [6](#F6){ref-type="fig"}) and multiple (Figure [7](#F7){ref-type="fig"}) OZMs: GreA alleviated the arrest at the former but not at the latter sites.

![The effect of OZM on transcription through polythymidine sequences by *Eco* RNAP. (**A**) TECs were assembled using the scaffolds shown above the gel panels (only the non-template DNA strands are shown) and chased with 100 μM ATP, CTP, GTP and UTP or OZM triphosphate or ΨTP, for 5 min at 25°C. The sequences corresponding to the annealing region of the RNA primer are underlined. Thymidines in the transcribed region are highlighted. Pixel counts were linearly scaled to span the full 8-bit grayscale range within each gel panel. Each assay was performed in triplicate. (**B**) Lane profiles from gels in (A) depicting the effect of GreA on the transcription of four- and seven-thymidine tracts. (**C**) TECs arrested at the four-thymidine tract (S326 template) were purified by gel-filtration and supplemented with 100 μM NTPs in the absence and presence of 2μM GreA or GreB for 5 min at 25°C.](gkz782fig7){#F7}

*Sce* RNAPII was arrested at the four-thymidine tract and the single thymidine OZM-responsive arrest site similarly to the *Eco* RNAP (Figure [8](#F8){ref-type="fig"}) except that most of the arrested RNA corresponded to the beginning of the four-thymidine tract in the case of *Sce* RNAPII. In contrast, no significant accumulation of the arrested RNAs within the four-thymidine tract was evident during transcription by *Hsa* MT RNAP (∼30% of RNAs correspond to the polythymidine tract in U-, OZM- and Ψ-chase lanes in Figure [8A](#F8){ref-type="fig"}). While the intensity of long transcripts was significantly lower in the OZM-chase than in the U-chase, the difference may be in part or entirely attributable to the loss of long OZM-containing RNAs rather than the bona fide inhibition of transcription. Similarly, while a fraction of MT RNAP was arrested near the OZM-responsive site in the OZM-chase, the arrested RNA corresponded to the sequence position preceding the site of the OZM incorporation (Figure [8B](#F8){ref-type="fig"}, lower trace). The latter result suggests a different mode of inhibition or, alternatively, can be explained by a high exonuclease or pyrophosphorolysis activity of MT RNAP at the arrest site. We did not investigate this phenomenon further. Overall, our data indicated that the OZM incorporation had a similar inhibitory effect on the multisubunit RNAPs from bacteria and yeast, whereas the single-subunit mitochondrial RNAP responded differently to OZM incorporation.

![The effect of OZM on processive transcription by *Sce* RNAPII and *Hsa* MT RNAP. TECs were assembled using the scaffolds shown above the gel panels (only the non-template DNA strands are shown) and chased with 100 μM ATP, CTP, GTP and UTP or OZM triphosphate or ΨTP, for 5 min at 25°C. The sequences corresponding to the annealing region of the RNA primer are underlined. Thymidines in the transcribed region are highlighted. Pixel counts were linearly scaled to span the full 8-bit grayscale range within each gel panel. Each assay was performed in triplicate. (**A**) Transcription through the four-thymidine tract. (**B**) Transcription through the OZM-responsive arrest site. OZM lane traces are shown to the right, the *Eco* RNAP trace was quantified from the gel in Figure [6B](#F6){ref-type="fig"}.](gkz782fig8){#F8}

DISCUSSION {#SEC4}
==========

In this study, we characterized the inhibitory activity of the C-nucleoside antibiotic OZM on transcription by multisubunit RNAPs from *E. coli* and *S. cerevisiae* and a single subunit RNAP from human mitochondria. We show that the OZM triphosphate is a good substrate for *Eco* RNAP and is also efficiently incorporated into RNA by *Sce* RNAPII and *Hsa* MT RNAP. A detailed analysis of the translocation equilibrium suggested that the 3′ terminal and the penultimate OZM increased the lateral mobility of the nascent RNA within the RNAP and favored backward translocation by one or more registers. However, the above effects were apparently benign for the processive transcription of some sequences and the incorporated OZM was rapidly extended by the next nucleotide (Figures [5A](#F5){ref-type="fig"} and [6A](#F6){ref-type="fig"}). In certain sequence contexts, incorporation of OZM arrested a significant fraction of the RNAP. One example was the consensus-pause-like sequence ([@B96],[@B97]), where the arrest could be alleviated by the Gre-facilitated cleavage of the nascent RNA. The other examples were the polythymidine sequences, where GreA and GreB shortened the arrested RNAs but failed to release the RNAP from the arrest region. However, the RNAP arrested at the polythymidine tracts was efficiently recovered by Gre factors if the OZM triphosphate was removed from the reaction medium. Overall, our data suggested that OZM arrested transcription exclusively by promoting backtracking. While the consensus-pause-like sequence was involved in arresting RNAP in one case, the alleviation of the arrest by GreA suggested that the escape from the pause was not rate limiting ([@B96],[@B98]), and that the pause merely provided time for entry into the backtracked state by a fraction of the transcribing RNAP. Noteworthy, a synthetic pyrazine-carboxamide nucleotide analog T-1106 has been recently suggested to inhibit viral RNA-dependent RNA polymerase by promoting backtracking ([@B99]).

Our data also suggest that the incorporation of OZM significantly alters the properties of RNAs compared with the uridine containing RNAs. First, the incorporation of OZM into RNA resulted in a very small change in the electrophoretic mobility of the RNA compared to that upon uridine or pseudouridine incorporation. Second, long RNAs with incorporated OZM entered the denaturing PAGE gels poorly for some unknown reason. Third, from a purely theoretical standpoint, the free electron pair of the OZM ring oxygen and its partial resonance to the carbonyl group at C2 may lead to deviations in the secondary and tertiary structures compared to the native, uridine-containing RNAs. Most importantly, both the transcriptional effects of OZM and the unusual properties of OZM-containing RNA could be attributed to an oxygen atom in the position corresponding to the carbon five of the uracil ring rather than to the C-glycosidic bond. Thus, the ubiquitous C-nucleoside pseudouridine did not cause transcriptional arrest at the OZM-responsive sites and the pseudouridine-containing RNAs did not display the anomalous properties of the OZM-containing RNAs.

We argue that OZM functions as a Trojan horse substrate. OZM enters the target organism in nucleoside form, becomes phosphorylated by the recipient's kinases ([@B20]) and competes with UTP for incorporation into RNA. It is commonly accepted that selection of the cognate NTPs by the RNAPs relies on (i) proper Watson--Crick bonding with the acceptor template DNA base in the active site, (ii) the recognition of the 2′ and 3′ OH of the ribose and (iii) the recognition of a triphosphate moiety. The OZM triphosphate features all these determinants and is therefore largely indistinguishable from UTP as the RNAP substrate. However, upon the incorporation of nucleotides into RNA, the stacking interactions between the neighboring bases start playing a very significant role in determining the shape and the flexibility of the nucleic acid duplexes. For example, polythymidine/polyadenine sequences adopt an unusual helical conformation with a high propeller twist and bifurcating hydrogen bonds to maximize the stacking interactions between the nucleobases ([@B100],[@B101]). OZM has an oxygen atom in the position corresponding to carbon five of the uracil ring and therefore may stack differently than UTP with the neighboring bases after its incorporation into RNA. Notably, none of the four native nucleobases contains oxygen atoms within the ring structures. The altered stacking can plausibly modify the RNA:DNA hybrid structure, flexibility and interactions with RNAP thereby leading to backtracking and transcriptional arrest.

In this study, we assessed the effects of OZM on transcription *in vitro* and our data suggest that at a high OZM/U ratio *in vivo*, OZM should primarily act as a transcription inhibitor by arresting RNAP at the frequently encountered sequences such as three-four-thymidine tracts. However, at a low OZM/U ratio in the target cell, the probability of the incorporation of several successive OZMs is low and OZM may be permissive for transcription. Under these conditions, the post-transcriptional effect, such as altered RNA secondary structures or interference with translation may potentially contribute significantly to the inhibition of the cellular functions. For example, the targeted pseudouridinylation of the mRNAs has been shown to cause the read through of stop codons by the ribosome ([@B7]). Accordingly, a full understanding of the OZM mechanism of action awaits a thorough evaluation of its effects on the folding of structural RNAs, translation of RNA into protein and studies of the relative impact of a sublethal OZM concentration on transcription and post-transcriptional processes *in vivo*.
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